Tritiated proline was used to follow the patterns of root growth and alveolar-bone production associated with tooth eruption in rhesus monkeys. Alveolar-bone deposition was seen around the apical regions of both erupting and functioning teeth, which indicated that the apical region was not spatially stable.
The main protein in alveolar bone and dentin is collagen.' Two thirds of the total amino acids found in collagen are composed of glycine, alanine, proline, and hydroxyproline.' The hydroxyproline in collagen is derived almost exclusively from hydroxylation of proline. Thus the proline molecule may enter collagen in two ways: as proline or as hydroxyproline.2 4 Many studies have used radioactive labels on proline to observe collagen metabolism. 3, [5] [6] [7] [8] [9] [10] Carneiro and Leblond7 found that collagenase removed almost all the tritiated proline labeling in dentin and bone, which supports the concept that proline in dentin and bone is largely attached to collagen. Leblonds observed the incorporation of 14C proline and 3H glycine in developing dentin and noticed labeling of odontoblasts within five minutes of injection. Labeling appeared in the predentin in four hours and in the newly formed dentin in 35 hours. These results have been confirmed by several later studies which used tritiated pro-line5,7,9 and tritiated glycine." 1 The initial labeling of developing dentin and bone by tritiated praline or glycine apparently is extremely stable. Anderson5 found an intense initial band of labeled proline in dentin and alveolar bone, which was This investigation was supported by the Veterans Administration Hospital, Ann Arbor, Mich.
Received for publication July 8, 1968. still present 59 days after the injection of tritiated proline. However, there was evidence of decreasing amounts of labeling in the dentin and bone formed after the injection. In another study, 'H-proline labeling of alveolar bone was still present six months after injection.'2 Although tritiated proline has been used to study collagen metabolism in bone and dentin, there has been little emphasis on the use of this label as a marker for bone and dentin production. Baumhammers et al'2 compared growth increments of alveolar bone and frontal bone in mice using tritiated proline as a marker. Formicola and Ferringo,9 in a study using 3H proline, mentioned alveolar-bone and cellular-cementum formation associated with eruption of teeth in the rat, but no quantitation of root or alveolar-bone growth was given. The purpose of the present study was to use the fine labeling characteristics of tritiated proline as a marker of growth of bone and teeth in order to study the controversial relationshipl3-" ' between the apex of the root and the surrounding bone in developing and erupting teeth.
Materials and Methods
Two male rhesus monkeys (Macaca mulatta) were used in this study. One monkey had the second permanent molars erupting; the other monkey had all teeth in function except four unerupted third molars.
The monkeys were injected intravenously with both tritiated thymidine (1 mc/ gm body weight, specific activity 6.7 curies/ millimol) and tritiated proline (2 mc/gm body weight, specific activity 224 mc/millimol). The older animal was killed 30 days after the injection; the other, 90 days postinjection. At death, specimens of internal organs were taken for postmortem microscopic examination in order to insure that no systemic disease was present.
The jaws of the animals were fixed in 10% neutral formalin for three weeks. The maxilla and mandible were cut buccolingually into sections containing one or two teeth and were decalcified in 20% ethylenediamine tetracetic acid at pH 7.4. The tissue specimens were then washed in running water overnight, embedded in paraffin, and sectioned buccolingually at 81,.
Radioautography was carried out on a number of sections from each tooth, using the technic described earlier.'9 After four weeks' exposure, the radioautographs were developed and fixed, the slides were stained with Ehrlich's acid hematoxylin, and were mounted with permount. Approximately every fifth section was counterstained with eosin.
In this paper, only the labeling associated with the tritiated proline will be reported.
For each tooth, one section which was closest to the long axis of the tooth was selected. Two serial sections on either side of the central section were also measured, to insure that the labeling was typical of the central part of that tooth.
The tritiated proline clearly labeled growing bone. dentin, and cementum, and on each section the following measurements were made (Fig 1) as a fine widely dispersed label (Fig 2) . At 90 days after injection, bone, dentin, and cementum still had some dispersed labeling in the regions of newly formed tissues. The connective tissues throughout the sections also were labeled with tritiated proline. This labeling was less concentrated than that seen in calcified tissues and could hardly be differentiated from "background."
In bone, the pattern of use and accumulation of labeled proline made it possible to determine in which direction new bone deposition had occurred. The bone surrounding the root apex of erupting and functioning teeth showed labeling with proline in all instance in the 90-day animal (Fig 3) . The pattern of labeling indicated new bone growth in this region. The amount of new apical bone formation, measured using the micrometer eyepiece disk, is given in the table.
Teeth which were erupting into the oral cavity showed the most increase in apical bone formation, although fundic bone was laid down apically to some teeth which were functioning. Apical bone formation was seen in one tooth which was enclosed in a bony crypt and was at an early stage of root development; but three other teeth in the early stages of development showed no such bone formation.
Increase in root length was seen in all the teeth studied. This increase was due to formation of both cementum and dentin. In teeth which were still at the stage of root formation, the growth of dentin was much greater than the growth of cementum ( Fig  4) . Teeth which had been in function for some time and had completed most of their root formation showed smaller increments of root growth; most of this increase was in cementum.
The pattern of labeling of developing roots was always the same: the tritiated proline was laid down in cementum and dentin as a V-shaped band corresponding to the pattern of calcification of the root ( Fig 5) .
Labeling of cementum was rarely seen in the more coronal regions of the root. The proline accumulated mainly in the apical third of the teeth, which indicated that new cementum formation was largely confined to the region of the root apex.
Dentin formation in developing roots was seen all around the periphery of the future dental pulp, although the largest growth increments occurred at the developing root apex. There was no labeling associated with the preodontoblastic root extension described in a previous paper,2 thus confirming that this amorphous structure does not calcify.
Discussion
There was no evidence of bone deposition associated with the apical regions of the two teeth with developing roots. which suggests that no occlusal movement with dep- osition of bone at the fundus had occurred. Baume,2' in a histologic and radiographic study of eruption in the rhesus monkey, made similar observations; Carlson,22 in a cephalometric study of developing teeth in children, reported that there was either a decrease or no change in the distance between the lower border of the mandible and the open ends of the developing crowns.
Most authors15'23-26 have reported a pattern of apical bone deposition after root formation has begun, but Baume21 saw bone resorption, and, then, later in root development, bone deposition. In the present study, apical bone deposition occurred around all the erupting teeth and many of the functioning teeth during the 90-day period of investigation. It therefore seems unlikely that the apical region is a stable point from which eruption occurs, as has been suggested previously.131"8'27 However, it must be remembered that eruption of a tooth into the oral cavity will be accompanied by remodeling of the alveolar process of the maxilla or mandible. Therefore, even though a tooth may be moving with respect to the immediate bone around it, the resultant eruptive movement into the mouth will be modified by resorption or deposition of the alveolar process and by any increase in root length.
Although this study was concerned only with measurement of the vertical movements of alveolar-bone growth, there was in all cases evidence of lateral movement of the socket during eruption of the tooth.
Increase in root length was present to some degree in all the teeth studied. If it is assumed that the distance between the developing root apex and the apical alveolar bone is constant, then the amount of vertical tooth movement would be equal to the increase of root length plus the movement of vertical alveolar-bone growth of the apex. Thus, at 90 days, the maximum amount of vertical tooth movement seen was 3.50 mm.
Teeth which were in functional position before injection of the tritiated proline also showed increase in root length, and some showed bone deposition. This active eruption is thought to be a compensation for attrition. 15, 24, 25, 28 Some investigators1425'29 believe that growth of bone lining the socket is an important mechanism causing eruption, whereas others'6'26 feel that this bone is passively laid down as a result of tooth movement. In this investigation, it was not possible to relate these changes directly to the mechanism of eruption.
Conclusions
The production of alveolar bone around the apexes of erupting and functioning teeth indicated that the apical region is not spatially stable but is an area of dynamic bone deposition.
Further studies are required to investigate the changes occurring in the entire bony crypt around erupting teeth.
The deposition of bone was associated with an increase in root length. The root growth in erupting teeth consisted mainly of dentin with a much smaller increment of cementum, whereas functioning teeth showed much less root growth, which was mainly an increase in cementum.
It is likely that the increase in root length and the deposition of fundic bone in teeth which were functioning for some time may be a compensatory mechanism associated with attrition. This requires further investigation.
